Composite bucket foundations, which have been successfully transported, installed, and operated at the Qidong, Xiangshui, and Dafeng offshore wind farms in China, are economically advantageous due to the relatively simple transportation and installation process. The innovative one-step transportation and installation technology of foundation-tower-nacelle is the key phase in saving costs. In this paper, a "foundation lift ship" overall transport mode is proposed and introduced for the first time. Prototype data measurement, preliminary numerical simulation, and theoretical calculations were conducted to investigate whether the foundation-ship integrity, tower hoop stability, and various indexes of the nacelle met the requirements under the influences of various environmental factors. The multi-system coupling motion mechanism and analysis method of this new structure and transportation mode were expounded. Through the prototype observation data of the one-step overall transportation, the ship-foundation system reliability of the structure in the case of large wind and wave was confirmed. Furthermore, it was found that in the one-step overall transportation, the importance of factors to nacelle acceleration decreased in the order of wave height, current speed, and wind speed by the time and frequency domain analysis and data statistics.
Introduction
With the rapid development of the world economy and the increasing energy consumption, the utilization of new renewable energy is an inevitable trend of social development. Marine renewable energy is playing an increasingly important role in the energy framework due to the geographical and environmental limitations of inland renewable energy. Compared with the construction of onshore wind farms, offshore wind farms are faced with a more complicated and harsh offshore environment, which makes their construction more difficult and have a lower operational period, thus greatly increasing the cost and time limit of offshore wind power development.
At present, the European offshore wind power costs have fallen rapidly. Germany has reached 98.3 €/MWH of the bidding price, compared with the China's cost staying between 125.5-180.5 €/MWH, which is not only a large gap with the European developed countries, and is also higher than the price €/MWH, which is not only a large gap with the European developed countries, and is also higher than the price of 108.8 €/MWH for offshore wind power and 96.03 €/MWH for intertidal wind power. According to the 13 th Five-Year Plan of China, the cumulative installed capacity of wind power will exceed 210 GW by the end of 2020, among which the installed capacity of offshore wind power will reach more than 5 GW [1] . Offshore wind power will make a substantial contribution to China's energy policy goals.
In the face of the huge scale of offshore wind power development and the urgent need to reduce the cost of offshore wind power development, we mainly conducted this study through two aspects of efforts. The first is to reduce the cost of wind turbines and their supporting facilities while increasing the capacity of individual units, while the second was to improve and optimize the offshore wind farm construction technology and corresponding construction equipment toward the goal of "safety, economy, and efficiency".
At present, the established offshore wind farms adopt offshore fixed infrastructure, mainly monopile-base foundations and high pile cap foundations. As offshore wind gradually moves toward the direction of "deep sea + large capacity", it will make the existing offshore wind fixed support structure face more difficult problems. For example, increases in monopile thickness, diameter, and length will cause great difficulties to the pile driving precision and construction equipment, and will sharply increase the construction period and cost. Jackets, multi-leg brackets, pile-cap foundations, and other methods can increase the bearing capacity of the foundation by increasing the pile spacing, but there is still no way of avoiding piling, hoisting, connection, steel structure, concrete construction, and other offshore operation procedures, which are finally reflected in the high construction cost and long construction period.
Bucket foundations have been widely used on the basis of floating offshore platform mooring anchors, and have gradually been introduced into offshore wind power infrastructure. In recent years, bucket foundations, as a type of new offshore wind power foundation, has attracted more and more attention. Bucket foundation can be divided into three kinds: single bucket foundation, multi-bucket foundation, and composite bucket foundation. At present, all kinds of bucket foundations have been used worldwide.
The composite bucket foundation (CBF), which was put forward by Tianjin University in 2008 has been proven to be applicable and economically advantageous to offshore wind turbines due to its innovative one-step overall transportation technology ( Figure 1 ) [2] [3] [4] [5] [6] . For traditional offshore wind turbines, the installation of a complete wind turbine structure is divided into two stages, with the foundations and turbines installed at different times. In the one-step overall transportation technology, the foundations and turbines are installed at the same time. This can commendably reduce the cost of construction time and the process of the offshore operations as well as the demand for large-scale maritime transport and installation equipment [7, 8] . According to the statistics shown by Lacal-Arntegui et al. [9] on the installation of monopile-base foundations, the installation of the whole set was about five days (2.5 days for the foundation installation and 2.5 days for the wind turbine) in 2018, while the installation process of the CBF was controlled within 10-15 h, according to the actual projects. The construction time was greatly saved, so the construction cost of the whole set could be reduced to 70% of the current offshore wind power foundation construction and wind turbine installation cost, which has an obvious competitive advantage [7] .
The CBF and the technique process have been promoted to several offshore wind farms. In 2010, the first 2.5 MW intertidal CBF wind turbine prototype was successfully installed and applied in Qidong, Jiangsu Province, China. In 2017, two 3 MW CBF wind turbines were installed in Xiangshui wind farm and connected to the grid in the same year. At the end of June 2019, eleven 3.45 MW wind turbines and two 6.45 MW ones of CBF were installed at Dafeng wind farm.
The wet towing of a ship-foundation system is the key technique of one-step overall transportation, which consists of a one-step dedicated ship, a 3.45 MW wind turbine, and a CBF, as shown in Figure 1 .
Traditional towing methods can provide references for the present research including dry and wet towing modes, which are widely used for various ships, offshore platforms, buoys, and artificial islands. Abokowitz [10] laid the foundation of a nonlinear mathematical model of ship towing by expanding the external force on the ship into the Taylor's series of each moving component, and accurately derived the precise mathematical model of each moving component. Charters et al. [11] introduced the concept of the towing course stability index by calculating the key towing force of stable towing and discussing the influence of towing cable length and towing speed. Krikelis and Kavouras [12] used the rudder controller proposed by Abkowitz [10] to analyze the stability and safety of a towing system under different sea conditions. Yan et al. [13, 14] conducted a model test on the same towing system, and established the governing equation of the motion of the towing system composed of "tugboat towing-cable-towed ship" in calm water and waves based on the hypothesis and semi-empirical formula. Bae [15] used the high-order boundary element method to numerically simulate the FPSO (floating production storage and offloading) under the interaction of nonlinear wave-flow, and calculated the diffraction and radiation wave in the time domain.
In order to ensure the structural safety of the ship-foundation system in the process of transportation, it is necessary to establish a one-step transportation structural health monitoring (SHM) system. In recent years, the SHM system has been widely studied and applied to ensure the availability, reliability, and profitability of a wind turbine structure. Rolfes et al. [16] equipped a wireless SHM system on a wind turbine to collect structural data for damage detection. Ciang et al. [17] summarized and compared various damage detection and evaluation methods applied to the wind turbine structure. Smarsly et al. [18] built a life management system including data acquisition, distributed software system, intelligent self-diagnosis system, model framework, and remote management system on a 500 kW wind turbine. Simultaneously, Hu [19, 20] studied the influence of the environment and operation on the dynamic characteristics of the structure based on the dynamic response signals of the 5 MW wind turbine under normal operating conditions. Dong et al. [21] took the measured data of a 2.5 MW wind turbine to study the structural response rules of the turbines under different operating conditions, especially during extreme operating conditions.
The previous research studies have focused on the towing method of a traditional structure and the SHM system of offshore wind turbines in operation and extreme working conditions and lack analyses on the one-step overall transportation of CBF for offshore wind turbines. Therefore, we established the SHM system for the one-step overall transportation of CBF for offshore wind turbines based on the wind turbine transportation process at the Dafeng 300 MW wind farm, China. Furthermore, the dynamic response of the CBF wind turbine was discussed to assess the CBF "foundation lift ship" transportation reliability by analyzing and discussing the prototype observation data. Based on the analysis of the prototype observation data, we propose a set of environment-vibration prediction systems for the one-step overall transportation of CBF by using the method of multiple linear regression.
In the analysis, the same feature sizes of CBF, wind turbines, and dedicated ships were used in the three methods.
The initial stabilities of three different towing modes were calculated based on the traditional floating body theory, and the results are shown in Table 1 . When calculating the barycentric coordinates and buoyancy coordinates, the water surface is the coordinate zero. It can be seen from Table 1 that the center of gravity of the single-foundation wet towing mode was higher than the metacentric position, and the initial stability was negative, which makes the structure unable to be towed. Meanwhile, the boat-foundation dry towing mode and "foundation lift ship" wet towing mode both had preliminary feasibility, which makes the structure suitable to be towed.
ANSYS ® -AQWA (ANSYS18.2, ANSYS, Inc., Pittsburgh, PA, USA) was used to analyze the system motion of the boat-foundation dry towing mode and the "foundation lift ship" wet towing mode under the sea conditions: slight (6 m/s wind speed, 1 m wave height), rough (10 m/s wind speed, 2.5 m wave height), and high (20 m/s wind speed, 4 m wave height), as shown in Table 2 . In the analysis, the same feature sizes of CBF, wind turbines, and dedicated ships were used in the three methods.
ANSYS ® -AQWA (ANSYS18.2, ANSYS, Inc., Pittsburgh, PA, USA) was used to analyze the system motion of the boat-foundation dry towing mode and the "foundation lift ship" wet towing mode under the sea conditions: slight (6 m/s wind speed, 1 m wave height), rough (10 m/s wind speed, 2.5 m wave height), and high (20 m/s wind speed, 4 m wave height), as shown in Table 2 . It can be seen that under the same sea conditions, the boat-foundation dry towing mode was more stable. However, a large floating crane is required for auxiliary installation after dry towing transportation, which will increase the time and cost of installation at sea. Thus, the wet towing mode of the "foundation lift ship" is more profitable and was selected at the Dafeng offshore wind farms.
Project Prototype
The one-step overall transportation system at the Dafeng wind farm based on CBF was developed and elaborated as follows. The system included a 3.45 MW wind turbine and dedicated ship, as shown in Figure 3 . It can be seen that under the same sea conditions, the boat-foundation dry towing mode was more stable. However, a large floating crane is required for auxiliary installation after dry towing transportation, which will increase the time and cost of installation at sea. Thus, the wet towing mode of the "foundation lift ship" is more profitable and was selected at the Dafeng offshore wind farms.
The one-step overall transportation system at the Dafeng wind farm based on CBF was developed and elaborated as follows. The system included a 3.45 MW wind turbine and dedicated ship, as shown in Figure 3 . The CBF has a diameter of 32 m, height of 11 m, and weight of 3150 t. The cabins, which are closely related to the motion stability and towing reliability of the CBF, include six side cabins of the same size and a regular hexagonal larger middle cabin (Figure 4 ). Unlike a traditional solid floating body, which is always regarded as a rigid foundation supported on water cushion, the CBF is equivalent to a flexible foundation supported by the coupling of a compressible air spring and water cushion. The CBF has a diameter of 32 m, height of 11 m, and weight of 3150 t. The cabins, which are closely related to the motion stability and towing reliability of the CBF, include six side cabins of the same size and a regular hexagonal larger middle cabin (Figure 4 ). Unlike a traditional solid floating body, which is always regarded as a rigid foundation supported on water cushion, the CBF is equivalent to a flexible foundation supported by the coupling of a compressible air spring and water cushion. The dedicated ship in the one-step overall transportation was 103.2 m long, 51.6 m wide, and 9 m deep, with a designed draft of 6 m (as shown in Figure 5 ). The CBF was closely fitted with the grid and sleeper in the front and back symmetrical openings of the dedicated ship through the extra buoyancy of the air in the cabin, which exceeded the gravity of the overall CBF and wind turbine. During the whole process of transportation, the CBF has at least a 500 t upper lifting force on the ship to adjust the cabin pressure. In addition, three lifting points distributed at 120° were set on the top cover of the CBF, which were connected with the yawing righting winch on the ship. Meanwhile, each sling always maintains a lifting force of at least 10 t. At the lifting point at the connection between the CBF arc transition section and the transition top cover, five yawing preventing winches were connected with the dedicated ship. The 60 m high trusses were equipped with open and closed hoops that fit the tower. During the whole transportation process, the hoops fit the tower tightly. The dedicated ship in the one-step overall transportation was 103.2 m long, 51.6 m wide, and 9 m deep, with a designed draft of 6 m (as shown in Figure 5 ). The CBF was closely fitted with the grid and sleeper in the front and back symmetrical openings of the dedicated ship through the extra buoyancy of the air in the cabin, which exceeded the gravity of the overall CBF and wind turbine. During the whole process of transportation, the CBF has at least a 500 t upper lifting force on the ship to adjust the cabin pressure. In addition, three lifting points distributed at 120 • were set on the top cover of the CBF, which were connected with the yawing righting winch on the ship. Meanwhile, each sling always maintains a lifting force of at least 10 t. At the lifting point at the connection between the CBF arc transition section and the transition top cover, five yawing preventing winches were connected with the dedicated ship. The 60 m high trusses were equipped with open and closed hoops that fit the tower. During the whole transportation process, the hoops fit the tower tightly. The dedicated ship in the one-step overall transportation was 103.2 m long, 51.6 m wide, and 9 m deep, with a designed draft of 6 m (as shown in Figure 5 ). The CBF was closely fitted with the grid and sleeper in the front and back symmetrical openings of the dedicated ship through the extra buoyancy of the air in the cabin, which exceeded the gravity of the overall CBF and wind turbine. During the whole process of transportation, the CBF has at least a 500 t upper lifting force on the ship to adjust the cabin pressure. In addition, three lifting points distributed at 120° were set on the top cover of the CBF, which were connected with the yawing righting winch on the ship. Meanwhile, each sling always maintains a lifting force of at least 10 t. At the lifting point at the connection between the CBF arc transition section and the transition top cover, five yawing preventing winches were connected with the dedicated ship. The 60 m high trusses were equipped with open and closed hoops that fit the tower. During the whole transportation process, the hoops fit the tower tightly. 
The Structural Health Monitoring System of Composite Bucket Foundation
The CBF SHM system consists of three parts: the test system, acquisition system, and management system.
Test System
The test system was installed both inside the wind turbine and on the ship and included the wind turbine sensor system and the environmental sensor system. There are seven types of sensors inside the wind turbine: the accelerometer, displacement transducer, inclinometer, strain gauge, vibrating wire steel meter, vibrating wire concrete meter, and air pressure transmitter. The overall layout of sensors at each measuring point is shown in Figure 6 . Environmental sensors including wind meters, wave height meters, and current meters were installed on the dedicated ship. 
The Structural Health Monitoring System of Composite Bucket Foundation
Test System
Acquisition System
The acquisition system is divided into the internal wind turbine storage system and external wind turbine reading and control system. The monitoring data collected by the wind turbine test system are stored in the internal storage system and delivered to the PC terminal on the control platform of the dedicated ship in real time through an optical fiber. The internal storage system, which is based on the JYL-8066 comprehensive data acquisition unit independently developed by Tianjin University (as shown in Figure 7) , can compress and store original data collected for three years. The wind turbine external reading and control system mainly realizes three main functions: First, the real-time observation data signal presets the alarm value of each channel and sends a reminder when the real-time data of the channel exceeds the warning value; second, it can download and export data of any period of time to form data charts and graphs, therefore researchers can quickly conduct data processing and comparison; and third, the acquisition parameters and settings of the internal storage can be modified. In the transportation and installation 
The acquisition system is divided into the internal wind turbine storage system and external wind turbine reading and control system. The monitoring data collected by the wind turbine test system are stored in the internal storage system and delivered to the PC terminal on the control platform of the dedicated ship in real time through an optical fiber. The internal storage system, which is based on the JYL-8066 comprehensive data acquisition unit independently developed by Tianjin University (as shown in Figure 7) , can compress and store original data collected for three years. The wind turbine external reading and control system mainly realizes three main functions: First, the real-time observation data signal presets the alarm value of each channel and sends a reminder when the real-time data of the channel exceeds the warning value; second, it can download and export data of any period of time to form data charts and graphs, therefore researchers can quickly conduct data processing and comparison; and third, the acquisition parameters and settings of the internal storage can be modified. In the transportation and installation process, the dynamic signal acquisition frequency is 200 Hz and the static signal acquisition frequency is 0.1 Hz.
Energies 2020, 13, x FOR PEER REVIEW  8 of 19 process, the dynamic signal acquisition frequency is 200 Hz and the static signal acquisition frequency is 0.1 Hz. Figure 7 . JYL-8066 integrated data acquisition unit.
Management System
The management system is divided into two parts: the ship management system and CBF management system. The behavior of the dedicated ship and CBF in the process of transportation and installation is managed and controlled by the real-time feedback of the acquisition system. The ship management system mainly adjusts the ship's speed, heading, and draft during the voyage as well as the anchor positioning during the installation process. The CBF management system includes the cabin pressure management system and the CBF limit system. The cabin pressure management can adjust cabin pressure in real-time, according to the data collected by sensors. The limit system of CBF includes the hoop between the first tower and the second tower, five yawing preventing winches, and three 100 t yawing righting winches.
Results and Discussion
During the entire transportation process, several hypotheses were put forward in order to study the transportation stage. Hypothesis 1. The system is assumed to go against the wave and flow during the transportation since it is the safest mode [22] . The speed and course are adjusted according to this assumption in the actual transportation process.
Hypothesis 2:
The natural sea state is difficult to characterize due to its rapid change and irregular nature. Generally speaking, for practical offshore projects, sea conditions are considered as a stationary random process within a limited time period from 0.5 h to 10 h [23, 24] . The wind speed UT,z in the transportation process is determined as the average wind speed in 0.5 h, which is measured 10 m above the upper deck. The current speed Uc is taken as the average of the current speed in 0.5 h. The wave height H1/3 is the mean wave height of the highest third of the waves collected in 0.5 h.
Due to the long duration and high frequency of data collection, there is a large amount of measured data during the whole process. Therefore, it is necessary to select typical working conditions and comparative working conditions to analyze the influences of three environmental factors in the transportation process. The threshold of the whole system is the nacelle acceleration (0.25 g horizontal acceleration and 0.2 g vertical acceleration, which are provided by the wind turbine manufacturer), and the following analysis takes the nacelle acceleration as the main index. 
Management System
Results and Discussion
Hypothesis 2.
The natural sea state is difficult to characterize due to its rapid change and irregular nature. Generally speaking, for practical offshore projects, sea conditions are considered as a stationary random process within a limited time period from 0.5 h to 10 h [23, 24] . The wind speed U T,z in the transportation process is determined as the average wind speed in 0.5 h, which is measured 10 m above the upper deck. The current speed U c is taken as the average of the current speed in 0.5 h. The wave height H 1/3 is the mean wave height of the highest third of the waves collected in 0.5 h.
Due to the long duration and high frequency of data collection, there is a large amount of measured data during the whole process. Therefore, it is necessary to select typical working conditions and comparative working conditions to analyze the influences of three environmental factors in the transportation process. The threshold of the whole system is the nacelle acceleration (0.25 g horizontal acceleration and 0.2 g vertical acceleration, which are provided by the wind turbine manufacturer), and the following analysis takes the nacelle acceleration as the main index. Table 3 , were selected to analyze the influence of current speed on the acceleration at the nacelle. The frequency domain signal was obtained by Fourier transform of the original time domain signals collected by the sensor. The time-frequency domain signals are listed in Figure 8 for the following data analysis. The time histories of 100 s depicted duration is the sampling from which we obtained the power spectra. The following conditions were analyzed in this way, which will not be described further. Table 3 , were selected to analyze the influence of current speed on the acceleration at the nacelle. The frequency domain signal was obtained by Fourier transform of the original time domain signals collected by the sensor. The time-frequency domain signals are listed in Figure 8 for the following data analysis. The time histories of 100 s depicted duration is the sampling from which we obtained the power spectra. The following conditions were analyzed in this way, which will not be described further. According to the time-frequency domain signal in Figure 8 , the range of nacelle acceleration of the time-domain signal and the basic frequency of frequency-domain signal were extracted, and the data are listed in Table 4 . According to the time-frequency domain signal in Figure 8 , the range of nacelle acceleration of the time-domain signal and the basic frequency of frequency-domain signal were extracted, and the data are listed in Table 4 . According to Figure 8 and Table 4 , the acceleration at the nacelle in all directions was less than the standard provided by the wind turbine manufacturer. The current speed affected the acceleration in all directions. With the increase in current speed, the maximum acceleration in all directions increased. The current speed had an obvious effect on the acceleration at the nacelle in the surge and heave direction, but not in the sway direction. The change in basic frequency was not obvious with the change of current speed, and it fell in the range of the natural wave frequency [25] .
Wind Speed
Three working conditions, as shown in Table 5 , were selected to analyze the influence of wind speed on the acceleration at the nacelle, and the results are shown in Figure 9 and Table 6 . According to Figure 8 and Table 4 , the acceleration at the nacelle in all directions was less than the standard provided by the wind turbine manufacturer. The current speed affected the acceleration in all directions. With the increase in current speed, the maximum acceleration in all directions increased. The current speed had an obvious effect on the acceleration at the nacelle in the surge and heave direction, but not in the sway direction. The change in basic frequency was not obvious with the change of current speed, and it fell in the range of the natural wave frequency [25] .
Three working conditions, as shown in Table 5 , were selected to analyze the influence of wind speed on the acceleration at the nacelle, and the results are shown in Figure 9 and Table 6 . As can be seen from Figure 9 and Table 6 , the acceleration at the nacelle in all directions was less than the standard provided by the wind turbine manufacturer. The wind speed had no obvious influence on the acceleration in all directions. The change of basic frequency was not apparent with the change of wind speed, and it fell in the range of natural wave frequency.
Working Condition Wind Speed (m/s) Wave Height (m) Current Speed (m/s)

Wave Height
Three working conditions, as shown in Table 7 , were selected to analyze the influence of wave height on the acceleration at the nacelle, and the results are shown in Figure 10 and Table 8 . As can be seen from Figure 9 and Table 6 , the acceleration at the nacelle in all directions was less than the standard provided by the wind turbine manufacturer. The wind speed had no obvious influence on the acceleration in all directions. The change of basic frequency was not apparent with the change of wind speed, and it fell in the range of natural wave frequency.
Three working conditions, as shown in Table 7 , were selected to analyze the influence of wave height on the acceleration at the nacelle, and the results are shown in Figure 10 and Table 8 . As can be seen from Figure 10 and Table 8 , the acceleration at the nacelle in all directions was less than the standard provided by the wind turbine manufacturer. The wave height had a great influence on the acceleration in all directions. As the wave height increased, the acceleration in all directions obviously increased. The wave height had an obvious effect on the acceleration at the nacelle in all directions. The change of basic frequency was not apparent with the change in wave height at Conditions 7-8, and it fell in the range of natural wave frequency. For Condition 9, we believe that the signal energy was small and there may be other vibration sources.
Working condition Wind Speed (m/s) Wave Height (m) Current Speed (m/s)
Limit Conditions Analysis
Nacelle Acceleration
The maximum horizontal synthetic acceleration and vertical acceleration across the whole transportation process were selected for analysis, as shown in Figure 11 and Tables 9 and 10 . The acceleration at the nacelle in all directions (Table 10 ) was less than the standard provided by the wind turbine manufacturer. The maximum horizontal acceleration encountered in this transportation, which occurs in operating condition 10, was about 0.246 g and slightly less than the standard 0.25 g set by the wind turbine manufacturer. The maximum vertical acceleration encountered in this transportation, which occurs in working condition 11, was about 0.126 g and less than the 0.2 g standard set by the wind turbine manufacturer. The basic frequency fell in the range of natural wave frequency.
Entirety Acceleration and Displacement
The changes of acceleration and displacement of each observed point shown in Figure 6 under the limit condition were compared, as shown in Figures 12 and 13 . It can be seen from the figure that the acceleration and vibration displacement at the nacelle in all directions were larger than those at the top of the foundation. In the sway direction, the acceleration and vibration displacement time history of each observed point were basically in the same phase. The limit system such as hoop and gird plays a great role. In the surge direction, phase differences occur between the acceleration time history and displacement time history at each observed point. Uncoordinated motions appear, but the motion amplitude is within the safe range. In the heave direction, phase differences occur between the acceleration time histories of each observed point, while the displacement time histories are basically in the same phase. The limit It can be seen from the figure that the acceleration and vibration displacement at the nacelle in all directions were larger than those at the top of the foundation. In the sway direction, the acceleration and vibration displacement time history of each observed point were basically in the same phase.
The limit system such as hoop and gird plays a great role. In the surge direction, phase differences occur between the acceleration time history and displacement time history at each observed point. Uncoordinated motions appear, but the motion amplitude is within the safe range. In the heave direction, phase differences occur between the acceleration time histories of each observed point, while the displacement time histories are basically in the same phase. The limit system is beneficial in ensuring the consistency of ship-foundation displacement in the direction of heave, and indirectly ensuring the stability of cabin pressure.
Wind-Wave-Current Coupling Analysis
According to the working conditions and results listed above, shown in Tables 3-10, the absolute maximum acceleration in each working condition was taken to analyze the relationship between the acceleration and three kinds of environmental factors.
The multiple linear regression method is used to study the relationship between wind speed, wave height, current speed, and acceleration at the nacelle. According to Equations (1) and (2) of the wind and current loads in the DNVGL-RP-C205 [26] specification, and Equation (3) of horizontal wave loads of the cylinder considering radiation force and diffraction force from Finnegan et al. [27] , the wind speed term X wind (U 2 T,z ), wave height term X wave (H 1/3 ), and current speed term X current (U 2 C ) are determined as follows:
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In Equation (2), C refers to the shape coefficient; q is the basic wind pressure or suction; S is the projected area of the member normal to the direction of the force; α is the angle between the direction of the wind and the axis of the exposed member or surface. In Equation (3), k 0 is the wave number; A is the amplitude of incident wave; b is the draft of cylinder; α is the draft of cylinder; J(x) is the Bessel formula of the first kind; and H(x) is the Bessel formula of the third kind.
By using the multiple linear regression method, we can obtain the regression parameters, shown in Table 11 . The independent variables refer to the wind speed, wave height, and current speed. The variables refer to the acceleration of three directions. Multiple R is the correlation coefficient, which refers to the degree of correlation between the independent variable and dependent variable. The closer the parameter is to 1.0, the higher the correlation is between the independent variable and dependent variable. Significance F is the statistical significance. It is generally believed that if Significance F is less than 0.05, the regression characteristic is significant. The P-value is the regression coefficients. P-value < 0.05 indicates that the independent variable has significant influence on the dependent variable. The smaller the p-value, the more significant the independent variable affects the dependent variable. From the above analysis, it can be seen that the regression coefficient of wave height was far smaller than other coefficients in the acceleration analysis of three directions, indicating that in the transportation process, wave height has the largest impact on the acceleration at the nacelle, followed by the current speed, and wind speed has the smallest impact on the acceleration, which is mutually consistent with the analysis of the frequency domain results.
The sway acceleration shows significant regression characteristics, while the surge and heave acceleration were not significant, which may be affected by the dedicated ship and gas spring. The above regression parameters can be used to estimate the acceleration at the nacelle under the wind-wave-current coupling.
The relationship between acceleration A at three directions and the wind speed term X wind (U 2 T,z ), wave height term X wave (H 1/3 ), and current speed term X current (U 2 C ) can be given by the following regression in Equations (4)- (6):
According to the working Equations (4)-(6) for the working conditions 1-11, the acceleration in all directions were computed. Figure 14 shows the comparison between the computed and observed accelerations. According to Figure 14 , it can be seen that in the case of a large wind-wave-current difference in various working conditions, the calculated value still showed little difference with the measured value. Therefore, we can estimate the acceleration at the nacelle in each direction during transportation according to Equations (4)- (6) . 
According to the working Equations (4)-(6) for the working conditions 1-11, the acceleration in all directions were computed. Figure 14 shows the comparison between the computed and observed accelerations. According to Figure 14 , it can be seen that in the case of a large wind-wave-current difference in various working conditions, the calculated value still showed little difference with the measured value. Therefore, we can estimate the acceleration at the nacelle in each direction during transportation according to Equations (4)- (6) . According to Figure 14 , it can be seen that in the case of large wind-wave-current difference in various working conditions, the calculated value still had little difference with the measured value. Therefore, we can estimate the acceleration at the nacelle in each direction during transportation according to Equations (4)- (6) . In practical engineering, the formula can be used to combine the threshold of nacelle acceleration provided by different wind turbine manufacturers and the meteorological conditions provided by different wind farms to form an envelope surface of the nacelle acceleration between the wind-wave-flow combination. According to this envelope surface, we can make a transportation strategy under the premise of reserving the safety margin. The successful transportation of the Xiangshui and Dafeng wind farms also prove this point.
Conclusions
(1) Through the combined action of cabin pressure, auxiliary sling, bottom limit, and grid, the overall stability of the CBF and the ship in the whole transport process of "foundation lift ship" can be well guaranteed. (2) The presence of a tower hoop is helpful in reducing the motion response at the nacelle.
The maximum acceleration in three directions during the whole transport process can meet the requirements of the wind turbine manufacturer (horizontal acceleration ≤ 0.25 g, vertical acceleration ≤ 0.2 g). (3) During transportation, the basic frequency of the acceleration of the nacelle is within the range of natural waves, and through numerical analysis and prototype monitoring, it was found that the motion response of the head is the most sensitive to wave height, followed by the current speed. As the wind turbine blade is in a state of braking during the transportation, the wind speed has little influence on it. (4) The most severe sea state encountered in the Dafeng CBF transportation was a 12.3 m/s wind speed and 2.2 m wave height. In the sway direction, the time histories of acceleration and vibration displacement at each of the observed points were basically in the same phase. In the surge direction, phase differences occurred between the time histories of acceleration and displacement at each observed point. Uncoordinated motions appeared, but the motion amplitude was within the safe range. In the heave direction, the acceleration time history of each observed point had a phase difference, and the displacement time histories were basically in the same phase. (5) The sway acceleration showed significant regression characteristics, while the surge and heave acceleration were not significant, which may be affected by the dedicated ship and gas spring.
The regression formula proposed can be used to estimate the nacelle acceleration under the wind-wave-current coupling state.
Through the monitoring of this transportation, we have enhanced our confidence in the one-step transportation of CBF, and verified the results of our previous theoretical calculation and numerical simulation. We will also adjust the transportation strategy and carry out continuous verification according to the observation results.
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